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ABSTRACT: Coalwash (CW) is granular waste by-product that results from the operation of the local coal mining industry. The reuse and
recycling of this material in earthwork construction project as landfill option, is attractive from both economic and environmental
perspectives. This paper presents an experimental study on compacted CW material prepared at different relative compaction levels. First the
basic materials index properties are described and the stress-dilatancy behaviour is examined through a series of drained triaxial compression
tests. The experimental data suggests that the different relative compaction levels exhibit different stress strain behaviour but show some
degree of similarity in terms of the stress-dilatancy relationship.
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1.

INTRODUCTION

Coalwash (CW) is granular waste by-product that results from the
operation of the local coal mining industry (Wollongong, Australia).
The reuse and recycling of this material in earthwork construction
and port expansion projects as landfill option, is attractive from both
economic and environmental perspectives (e.g. Leventhal and de
Ambrosis, 1985; Indraratna et al., 1994). This is mainly because the
re-use of this material reduces the need for stockpiling and
otherwise disposal, as well as eases the pressure on the procurement
of materials from local quarries. While recent studies
(Rujikiatkamjorn et al., 2012, Heitor et al., 2015, Kaliboullah et al.,
2015) have shown that the compacted coalwash retains sufficient
strength and conforms to typical performance criteria of structural
fills (e.g. landfills), the incidence of breakage, both during
compaction and shearing, has a significant influence on the
volumetric behaviour observed and degree of densification attained.
Furthermore, while the characterisation of coalwash behaviour has
been reported in the past (Kettle, 1983; Skarżyńska, 1995 and Fityus
et al., 2008), only limited studies have focussed on the
quantification of breakage and its impact on the stress strain
behaviour and associated stress-dilatancy response. The
consideration of breakage influence is vital as deformation of
granular materials observed upon shearing is significantly dependent
of the variation of particle gradation that results from the incidence
of breakage (e.g. Kikumoto et al., 2010). Given the granular nature
of CW and the high breakage potential (Heitor et al., 2015), it is
important to examine the stress-dilatancy behaviour of compacted
coalwash under expected field conditions.

2.

TESTING PROGRAM

2.1

Materials

Coal wash is a by-product from the washery process conducted for
refining run-of-mine (ROM) coal. For every metric tonne of ROM
coal that enters the washery plant, approximately 200kg of the
output is made up of granular waste material of which 80%
corresponds to coarse-grained coalwash (CW) and 20% as finegrained tailings. Coal mining operations in Australia alone generate
a few hundreds of millions of tonnes per year of coal wash
(Leventhal and de Ambrosis, 1985).
The material selected for this study is a Dendrobium coalwash (Fig.
1) produced by Illawarra Coal. It has been used extensively as
structural fill in the Illawarra region of state of NSW (Australia).
The particle size distribution of the coalwash sample selected for the
study is shown in Fig. 2 and includes 6% gravel, 75% sand, 17% silt
and 2% clay. The sample had a plasticity index of 10.7%, a liquid
limit of 27.7% and a relatively low specific gravity of 2.23; thus, it
can be classified in accordance with Unified Soil Classification
System as Clayey Sand (SC).

This paper presents an experimental study on compacted coalwash
material prepared at different relative compaction levels to mimic
typical field placement conditions. First the basic index properties
are described and the stress-dilatancy behaviour is examined
through a series of drained triaxial compression tests.
Figure 1 Coalwash (CW) granular waste by-product
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The change of particle size distribution (PSD) which enable the
quantification of particle degradation during compaction and
shearing was determined using the method proposed by Indraratna
et al., 2005. The arbitrary boundary of maximum breakage is based
on the sample PSD after shearing (Fig. 2). The minimum particle
size is considered to be 0.01mm and the maximum to be 5 mm. The
breakage index (B) is defined as a ratio between the area loss caused
by shift in PSD (region A) and area enclosed between initial PSD
and arbitrary boundary (region A+C) as shown in Fig.2. The
gradations corresponding to the PSD of specimens compacted at
relative compaction (RC) of 100% after compaction and shearing
under drained conditions are also shown. It can be observed that the
PSD curves representing before and after compaction conditions
nearly coincide for particles sizes of less than 0.6 and exceeding 2
mm, but there are noticeable differences between 0.6 to 2 mm,
particularly around 0.4 mm (Fig. 2). This indicates that the energy
applied through the compaction process is sufficient to cause
particle degradation. This is not surprising as the coalwash particles
are relatively weak. Particle breakage is significant not only during
compaction, but also during the shearing stages. However, the
predominant particle size range for which the majority of particle
breakage is observed is different than that of compaction with a
significant PSD shift towards the lower particles sizes (0.02 to 2
mm).

high mould following the procedures described in Heitor et al.
(2013).
2.3

Triaxial testing program

A series of standard drained compression triaxial tests were
conducted to evaluate the stress–dilatancy and particle breakage
behaviour of the compacted coalwash. A summary of the testing
program is shown in Table 2. Typically, the tests were carried out in
accordance with the procedures described in ASTM D7181-11 in a
Bishop-Wesley triaxial cell. During the test, the axial stress and
strain, as well as volumetric strain were monitored using a 5kN load
cell (accuracy of 0.001kN), a LVDT (Linear Variable Differential
Transducer) with an accuracy of 0.001 mm and a water pressure
controller designed by GDS Instruments (accuracy of 1mm3),
respectively. For the calculation of the applied stresses, the area
corrections proposed by ASTM D7181-11 were adopted. This
correction also incorporates the effect of the restraint imposed by the
latex membrane. From the observations during testing, the
specimens exhibit deformation as a right cylinder until reaching the
peak stress whereas after the peak, the deformations were a
combination of bulging and sliding on a shear plane. Nonlubricated
ends were used in triaxial testing and carried out in the present study.
The test consisted of three stages: saturation, consolidation, and
shearing. During the saturation stage, air in the specimen voids was
first displaced using CO2. Then, a back pressure of 150 kPa was
applied and kept for typically overnight periods. The adoption of
this procedure resulted in a Skempton's B-value of more than 0.98
being consistently attained for all specimens. The selected effective
confining pressure was then applied through isotropic compression,
and drained shearing followed until reaching failure at a constant
rate of strain of 0.1 mm/min to ensure fully drained conditions.

Table 2. Summary of the testing program

Figure 2 Particle size distribution (PSD) adopted and gradation shift.
The loose unit weight of coalwash is 9.6 kN/m3, which corresponds
to a void ratio of 1.28 and relative compaction (RC) of 58%. The
permeability of compacted coalwash is dependent of the level of
relative compaction and typically ranges between 4.8x10 -5 and
2.4x10-7cm/s for relative compaction (RC) levels of 85% and 100%,
respectively. This is comparable to the permeability of silty sand
(RC < 90%) and silt and clay (RC95 and RC100) (e.g. Look, 2007).
2.2

Specimen preparation

The coalwash material was oven dried to 50oC. After mixing with
the required amount of water the mixture were stored overnight
inside a sealed plastic bag under a constant temperature and
humidity to allow for moisture equilibration. The compaction
characteristics were determined using the standard Proctor
compaction test (AS 1289.5.1.1, 2003). For an applied standard
Proctor energy level, the maximum dry unit weight and the optimum
moisture content were 16.5 kN/m3 and 12.5% respectively.
Different relative compaction levels were investigated to explore a
range of placement conditions. A moisture content of 10% was
selected because it matched the average moisture content monitored
at one coalwash stockpile prepared in the context of a compaction
field trial (Port Kembla, Australia). Two different relative
compaction levels (RC of 95 and 100%) with equivalent compaction
energy of 340.6 kJ/m3 and 681.1 kJ/m3, respectively, were studied.
The specimens were compacted in a 50 mm diameter and 100mm

Test ID

RC
(%)

Axial
strain (%)

Effective confining
pressure, '3 (kPa)

D6, D7

95

40

50,100

D9

95

20

200

D11, D12,
D14, D15

100

20

50,100, 200,400

2.

RESULTS AND DISCUSSION

2.1

Stress-strain behaviour

Drained monotonic shearing tests were carried out on compacted
coalwash prepared at different relative compaction levels, and for a
range of initial effective confining pressures (i.e. 50 - 400kPa). The
drained shearing results corresponding to RC of 100% are shown in
Fig.3. The deviator stress (q) and volume change (v) are plotted
against axial strain (1). For effective confining pressures of up to
100 kPa, the deviator stress increased sharply and reached a peak
within 1.6% of axial strain, and then decreased with increasing axial
strain, indicating a strain softening behaviour. For instance, the
specimen with an initial effective confining pressure ('3) of 50
reached a peak deviator stress of 242.8 kPa at 1.4% axial strain,
followed by a strain softening response with increasing axial strain,
and then attained a stable value of 145.4 kPa at an axial strain of
18%. In contrast, a predominant strain hardening behaviour was
observed for confining pressures larger than 100 kPa, with peak
deviator stress reaching peak value for larger axial strains. The
volumetric strain responses during drained shearing showed mainly
dilation for low effective confining pressure (i.e. 50 kPa), but
mainly contraction for higher effective confining pressures.
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Fig 3 also shows that a constant volume and stress state condition
was achieved at 18% axial strain despite the occurrence of breakage
(e.g. Fig. 2). This indicates that coalwash can reach critical state.
Further, the critical state friction angle ('cs) computed based on the
stress ratio (q/p') recorded at critical state stress conditions is 35o.
On this basis alone, the coalwash may be classified as a suitable fill
material with a critical state friction angle exceeding 30o (Philip and
James, 2011).
2.2

Critical state

The drained shearing of compacted coalwash under different initial
effective confining pressure (Fig. 3) indicates that the stresses
reached a critical state. The specific volume (v) and mean effective
stress at critical state are plotted in the v – ln p' plane in Fig. 4. It can
be observed that the critical state condition obtained for coalwash
defines a linear relationship in the v – ln p' planes. The most
stricking aspect is that different relative compaction levels define a
family of critical state lines (CSL), rather than one common CSL.
While this behaviour might not seem intuitive at first, it can be
explained if the initial particle size gradation is taken into account.
The broader the gradation resulting from the compaction process is,
the denser the particle packing and the lower limiting value of void
ratio. Hence the location of drained CSL is directly associated with
the compaction energy level adopted, that is, the position moves
towards the smaller void ratios for larger compaction energy levels.
Similar observations have been reported for sands prepared with
different initial grading (Wood and Maeda, 2008 and Kikumoto et
al., 2010). The specific volume at p' = 1 kPa of CSL’s was
graphically found to be 1.64 and 1.62 for RC of 95% and RC of
100%, respectively. The observed compression slope of the CSL
was 0.06 for an RC level of 95% and 100%.

Figure 3 Drained shear results for RC of 100 (modified after Heitor
et al, 2015)

Figure 4 Critical state of compacted coalwash in v-ln p' space.

2.3

Particle Breakage

The tested specimen PSDs were analysed after drained shearing.
The total particle breakage (Bt) due to a shift in PSD caused by
compaction and shearing is plotted in Fig. 5. These results showed
that particle breakage depends on the mean effective stress and
relative compaction level. The particle breakage was assessed after
compaction and at the end of the shearing stage. The total breakage
(Bt) incurred during both preparation through compaction and
compression and shearing is plotted against mean effective stress
(p’) in Fig. 5. As expected, a larger incidence of breakage was
observed for larger mean effective stresses. Further, a semilogarithmic linear relationship can be defined between mean
effective stress (p’) and total particle breakage (Bt). Fig. 5 also
shows that the RC level influences the position of the Bt-ln p’ line.
While the slope of the Bt - ln p’ line for each RC level is
approximately the same, the RC of 100% plots above the RC of
95%, i.e. suggests a greater incidence of breakage. This is not
surprising as specimens prepared at RC of 100% underwent a larger
gradation shift during compaction. Further, this is also in agreement
with the observations reported by Heitor et al. (2015) which showed
that the compaction induced breakage influence prevails in drained
shearing, e.g. a common line is obtained for different RC levels if
the ratio of total breakage over compaction induced breakage is
represented.

Figure 5 Total particle breakage after drained shearing
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2.4

Stress-dilatancy response

The dilatancy ratio (dg) used to examine the stress-dilatancy
response of the specimens tested at different confining pressures and
relative compaction levels is defined in Eq. 1, and follows numerous
past studies where dilatancy response of granular materials was
reported (e.g. Rowe, 1962; Nova and Wood, 1979; Been and
Jefferies, 1985, Li and Dafalias, 2002).
dg = δεv/ δεs

(1)

The stress-dilatancy response of compacted coalwash specimens
prepared at a relative compaction level of 100% is shown in Fig. 6.
There is some scatter in the data at low stress ratios (i.e. 50kPa),
likely associated with method used to calculate the rate of dilation,
i.e. as the ratio of two small values of strain. It can be observed the
specimens tested at the same RC level but for different initial
confining pressures, the stress-dilatancy response shows similar
patterns. Although the paths are approximately vertical with a small
rate of compression (i.e. dg = 0.6), perhaps related to the increase of
p’ during drained shearing, there is then a well-defined yield point
where the path deviates (Fig. 6). This yield point represents a
change in the relationship between the volumetric strain and shear
strain, which occurs shortly before the peak strength, and so it is
probably the point at which the specimen starts to yield
significantly. The exception is the path of the specimen tested at
400kPa confining pressure, which is slightly inclined to the right,
and so the initial path is not quite unique. Nonetheless, a distinct
change of direction is still noticeable just before the peak strength is
reached. This likely indicates that a greater component of plastic
strain occurs before the change of path direction. After the yield
point, the rate of dilation increases quickly, reaching a maximum at
the peak stress ratio, towards a critical state. Cuccovillo and Coop
(1999) reported similar observations for cemented sands. The
occurrence of an inclined path before yield likely represents the
onset of particle degradation. This is further supported by the
increase in rates of compression (dg=0.58 to 0.82) observed that
indicate that the specimen was undergoing high volumetric strains
likely resulting from particle breakage. Although further testing
accompanied by particle breakage assessments over a range of axial
strains would be beneficial to clarify this behaviour.

can be observed that the compression rate is larger for specimens
prepared at smaller relative compaction levels. For instance, for the
specimens tested under 50kPa confining pressure, the compression
rate decreases from 1 to 0.7 for RC level of 95% and 100%,
respectively. This trend is even more evident in stress-dilatancy
paths of the specimens tested at 150kPa, with a corresponding
decrease in the compression of 0.9 and 0.6 for RC levels of 95 and
100%, respectively. This is likely related to the initial gradation. The
specimens prepared at higher relative compaction levels had a larger
compaction induced breakage and would have resulted in more
dense packing which would favour compression at the start of
shearing. Furthermore, while for different RC levels the
compression rates are different for low stress ratios, as the
specimens exceed yield (where the path deviates from the vertical)
and approach critical state the stress-dilatancy relationship is
common for both RC levels.

Figure 7 Stress-dilatancy response for different RC levels and
confining pressures of (a) 50kPa and (b) 150kPa.

Figure 6 Stress-dilatancy response for RC of 100% and different
confining pressures.
The effect of the relative compaction level on the stress-dilatancy
response is depicted in Fig. 7. It is observed that for a confining
pressure of 50kPa, the stress- dilatancy trends generally resemble
that of those reported for sands (e.g. Cuccovillo and Coop, 1999). It

3.

CONCLUSION

The suitability of compacted coalwash as landfill option material
was investigated through a series of drained triaxial shearing tests
and by assessing particle breakage and the stress-dilatancy
behaviour. The experimental results of drained tests revealed that
the compaction energy and associated initial grading can influence
the stress-strain behaviour quite significantly. The deviator stress
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reached a peak values within a relatively small axial strain of 1.6%
for effective confining pressure lower than 100 kPa. In those
specimens a strain softening response governed the post-peak stressstrain behaviour. In contrast, a predominantly strain hardening
response was observed for higher effective confining pressures. The
critical state stress condition showed a linear relationship between
deviator stress and mean effective stress with a corresponding
critical state friction angle of 35o. This alone provides the basis for
the use of coalwash in earthworks and landfill applications as the
friction angle exceeds 30o. The critical state line in v - lnp' space for
coalwash showed a semi-logarithmic linear relationship, and two
parallel lines represented the two RC levels. The incidence of
particle breakage was observed during compaction and shearing.
However, the patterns observed for different RC levels on the total
breakage (Bt) and mean effective stress plane indicate that the
degree of densification attained upon compaction caused a shift in
critical state line. This was also observed in the stress-dilatancy
paths, for which different RC levels had distinct compression rates.
This study indicates that while from a shear strength point of view,
the use of coalwash as a landfill option is attractive with a friction
angle exceeding 35o, it also demonstrates that breakage plays an
important role on the stress-strain behaviour, particularly the
breakage incurred during compaction. For applications where
stringent volumetric criteria need to be attained, the use of coalwash
may need to be studied further, as the excessive deformation caused
by breakage may exceed the prescribed tolerances.
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